Abstract. In this study, we evaluated the effects of Panax notoginseng root extract (NGRE) and its major constituents on SW480 human colorectal cancer cells. We used high performance liquid chromatography to determine the contents of major saponins in NGRE. The anti-proliferative effects were evaluated by the cell counting method, and concentrationrelated anti-proliferative effects were observed. At 1.0 mg/ml, NGRE inhibited cell growth by 85.8% (P<0.01), probably linked to the higher concentration of ginsenosides Rb1 and Rg1. The pharmacologic activities of notoginsenoside R1 and ginsenosides Rg1 and Rb1 on the cells were antiproliferative. We tested the effects of NGRE on DNA synthesis by measuring [
Introduction
Colorectal cancer is one of the most common malignancies in the West and ranks as the second cause of cancer death in both men and women worldwide (1) . Although early stage colorectal cancer can be cured by surgical resection, surgery is often combined with adjuvant radiotherapy and chemotherapy with one or more chemotherapeutic agents. Even with effective strategies that continue to be developed for treating colorectal cancer, chemotherapy has the drawbacks of severe adverse effects and dose-limiting toxicity. Drug-related adverse events not only worsen patients' quality of life, but also can lead to their refusal to continue chemotherapy (2) (3) (4) . Chemotherapy-induced toxicity can be reduced by chemo-adjuvant compounds that potentiate tumoricidal effects with smaller doses. Identifying non-toxic chemo-adjuvants among herbal medicines may be an essential step in advancing the treatment of the cancer (5) .
Panax notoginseng (Burk.) F.H. Chen is cultivated throughout Southwest China, Burma, and Nepal. The root, the commonly used part of this plant called notoginseng or sanchi, has a long history as a remedy in Oriental traditional medicine (6, 7) . Notoginseng reportedly exerts beneficial effects in treating trauma and bleeding from internal or external injury, promoting blood circulation, reducing blood clotting, and alleviating pain, especially cancer pain (8) . The main constituents in notoginseng are saponins, which are responsible for the herb's multifaceted pharmacological activities (6, 7) . To date, over 50 different saponins, including ginsenosides, notoginsenosides, and gypenosides, have been identified in notoginseng. Ginsenosides Rg1, Rb1, Rd, and notoginsenoside R1 are considered its major components (7) .
Cancer treatment with botanicals like notoginseng has received increasing attention in the past decade (7, 9) . The effects of notoginseng on colorectal cancer have not been tested. The mechanism of the anti-proliferative activities of notoginseng is not clear and there are few studies of the mechanisms of notoginseng in cancer (10) . In this study, we determined the content of the major saponins in notoginseng root extract using high performance liquid chromatography. Then, we investigated the effect of notoginseng extract on SW480 human colorectal cancer cells. Using flow cytometry, we assayed the effect on cell apoptosis, the cell cycle, and the expression of cyclin A in SW480 cells. Finally, we evaluated the activity of notoginseng on chemotherapeutic agents preliminary step in the development of an effective chemoadjuvant for colorectal cancer treatment.
Materials and methods
Plant materials and preparation of notoginseng extract. The chemical composition of notoginseng differs according to its origin. We selected notoginseng cultivated in Wenshan for our study since its quality has been controlled under Good Agricultural Practice criteria (11) , and it has been used in many previous studies (12, 13) . The notoginseng root sample obtained from the Yunnan Chinese Herbal Medicine Company was collected in 2004 and was authenticated by the Department of Pharmacognosy, China Pharmaceutical University, Nanjing. The sample was identified by macro-morphological and microscopic characteristics and thin layer chromatography (TLC). Based on the Chinese Pharmacopoeia, it was identified as the root of Panax notoginseng (Burk.) F.H. Chen.
The notoginseng root was ground to powder and passed through a 40 mesh sieve. Approximately 25 g of the powder was extracted with 500 ml 75% ethanol for 4 h. When the solution was cooled, it was filtered with P8 filter paper (Fisher Scientific, Pittsburgh, PA) to collect the filtrate. The residue was extracted with 500 ml 75% ethanol once more and then filtered while the solution cooled. The filtrate was mixed and the solvent was evaporated under vacuum. The dried extract was dissolved in 100 ml water and then extracted with watersaturated n-butanol. The n-butanol phase was evaporated under vacuum before the extract was lyophilized. The notoginseng root extract (NGRE) was stored at -20˚C before use (14) .
High performance liquid chromatography (HPLC) analysis.
The HPLC system was a Waters 2960 instrument (Milford, MA) with a quaternary pump, automatic injector, a photodiode array detector (Model 996), and Waters Millennium software for peak identification and integration. The separation was carried out on an Alltech Ultrasphere C18 column (5 μ, 250x3.2 mm I.D.) (Deerfield, IL) with a Alltech Ultrasphere C18 guard column (5 μ, 7.5x3.2 mm I.D.). For HPLC analysis, a 20-μl sample was injected into the column and eluted at room temperature with a constant flow rate of 1.0 ml/min. Acetonitrile (solvent A) and water (solvent B) were used in the mobile phase. Gradient elution proceeded as follows: started with 17.5% solvent A and 82.5% solvent B; changed to 21% A for 20 min; changed to 26% A for 3 min; held for 19 min; changed to 36% A for 13 min; changed to 50% A for 9 min; changed to 95% A for 2 min; held for 3 min; changed to 17.5% A for 3 min; held for 8 min. The detection wavelength was set to 202 nm. Ginsenosides and notoginsenoside standards and NGRE were dissolved in methanol. All solutions were filtered through Millex 0.2-μm nylon membrane syringe filters (Millipore Co., Bedford, MA) before use (15) .
Cell culture. SW480 human colorectal cancer cells (ATCC, Manassas, VA) were routinely maintained in Leibovitz's L-15 medium (Gibco, Grand Island, NY), supplemented with 10% fetal bovine serum and penicillin-streptomycin (50 U/ml) (Gibco, Grand Island, NY). Cancer cells were grown in a tissue culture dish (100 mm in diameter) and kept in a humidified incubator (5% CO 2 at 37˚C) with a medium change every 2-3 days. When the cells reached >80% confluence, they were trypsinized, harvested, and seeded into a new tissue culture dish.
Cell proliferative assay. The SW480 cell proliferative assay was performed as previously described (16) . Briefly, cell viability was measured after 72 h of incubation with test extract/compound at various concentrations. Ethanol concentrations in all cell culture experiments did not exceed 1%. Control cultures were incubated in medium containing vehicle alone. On selected days, the cell monolayer was washed twice with phosphate buffered saline (PBS). Cultures were harvested and monitored for number by using a Coulter cell counter (Coulter Electronics, Hialeah, FL). The cell proliferative assay was performed at least three times. The percentage of proliferation was calculated as follows: Cell proliferation (%) = (cell number in each experimental well ÷ average of cell number in all control wells) x 100.
Morphological observation by staining with crystal violet.
Morphological changes of SW480 cells were observed by crystal violet staining assay. After SW480 cells were seeded in 24-well plates for 24 h, NGRE at various concentrations was added to the medium and plates were incubated for 72 h. Then the medium was discarded and adherent cells were washed with PBS, stained and fixed with 0.2% crystal violet in 10% phosphate-buffered formaldehyde for 2 min. The crystal violet solution was then discarded and cells were washed gently with water. Adherent cells were observed and photographed under a microscope (Nikon, Eclipse, TE2000-U, Japan).
[
3 H]-thymidine incorporation assay. The [ 3 H]-thymidine incorporation assay was performed after the cells were treated with NGRE and ginsenoside Rb1 (17). As described above, SW480 cells were seeded in a 24-well plate where they adhered for 24 h. The cells were incubated with test extract/ compound at various concentrations and 300 μl of media containing 1 λ/ml [ 3 H]-thymidine in each well for 72 h (the controls were incubated in normal medium alone). After washing cells with PBS and 10% trichloroacetic acid, 0.5 ml of 0.2 M NaOH was added into each well and agitated for 5 min. Finally, the cells with solution were transferred into vials; 30% liquid scintillation of 5 ml was added, and radioactivity counts were measured using a liquid scintillation analyzer (Tri-Carb 1500, Packard, Ramsey, MN). Results are presented as the percentage of control values.
Apoptosis assay after staining by annexin V/propidium iodide. SW480 cells were seeded in 24-well tissue culture plates (1x10 5 ). After 1 day, the medium was changed and NGRE, notoginsenoside R1, and ginsenosides Rb1 and Rg1 were added. After treatment for 24, 48 and 72 h, cells floating in the medium were collected. The adherent cells were detached with 0.05% trypsin. Then culture medium containing 10% FBS (and floating cells) was added to inactivate trypsin. After being pipetted gently, the cells were centrifuged for 5 min at 1500 g. The supernatant was removed and cells were stained with annexin V-FITC and propidium iodide according to the manufacturer's instructions. Untreated cells were used as control for double staining. The cells were analyzed immediately after staining using a FACScan flow cytometer (Becton Dickinson, Mountain View, CA) and FlowJo 7.1.0 software (Tree Star, Ashland, OR). For each measurement, at least 20,000 cells were counted.
Cell cycle and cyclin A assay using flow cytometry. SW480 cells were seeded in 24-well tissue culture plates (1x10 5 ). On the second day, the medium was changed, and cells were treated with NGRE at a concentration of 0.5 mg/ml. Cells were incubated for 24, 48, and 72 h before harvesting. The cells were fixed gently by adding 80% ethanol and placing them in a freezer for 2 h. They were then treated with 0.25% Triton X-100 for 5 min in an ice bath. The cells were resuspended in 300 μl of PBS containing 40 μg/ml propidium iodide and 0.1 mg/ml RNase. Then, 20 μl of cyclin A-FITC was added to the cell suspension. Untreated SW480 cells were stained with the isotype control antibody as well. Cells were incubated in a dark room for 20 min at room temperature and analyzed with a FACScan flow cytometer. The cells were then subjected to cell cycle and cyclin A analysis.
Chemicals. HPLC grade methanol, n-butanol, acetonitrile, and ethanol were obtained from Fisher Scientific (Pittsburgh, PA). Mili Q water was supplied by a water purification system (U.S. Filter, Palm Desert, CA). Ginsenosides Rb1, Rb2, Rb3, Rc, Rd, Re, Rg1, Rg2, Rh1 and notoginsenoside R1 were obtained from the Delta Information Center for Natural Organic Compounds (Xuancheng, P.R. China). 
Statistical analysis.
Results are presented as mean ± standard error (SE). Data were analyzed using Student's t-test and analysis of variance (ANOVA) for repeated measures. The level of statistical significance was set at P<0.05.
Results

HPLC analysis of NGRE.
The chemical structures of 4 saponins are shown in Fig. 1 . Saponins in notoginseng root extract were identified by observing the retention times and UV spectrum of authentic ginsenoside Rb1, Rb2, Rb3, Rc, Rd, Re, Rg1, Rg2, Rh1, and notoginsenoside R1 standards obtained from the mixed standards chromatograms. Fig. 2A shows representative HPLC chromatograms of NGRE.
The HPLC analysis of NGRE is shown in Fig. 2B . The major saponins in the extract were ginsenoside Rg1 (29.8%), Rb1 (27.0%), Rd (7.0%) and notoginsenoside R1 (6.0%). The contents of minor saponins in NGRE are shown in Fig. 2C .
Effects of NGRE on SW480 cell proliferation. The antiproliferative effects of NGRE on SW480 human colorectal cancer cells are shown in Fig. 3A . After treatment for 72 h, NGRE significantly inhibited cell proliferation in a concentration-dependent manner. Compared to the control (normalized to 100%), the cell growth was reduced by 14.1±1.5% (P<0.05), 39.6±1.0% (P<0.01), and 75.8±2.2% (P<0.01) at 0.05, 0.5, and 1.0 mg/ml, respectively. Accompanying cell morphological changes are shown in Fig. 3B .
The anti-proliferative effect of the extract was also observed at different time-points. NGRE 1.0 mg/ml decreased the alive cell numbers by 26.0±0.8% at 24 h, 51.0±2.0% at 48 h, and 76.0±2.6% at 72 h. Since prolonging treatment time often induced unstable results in pilot experiments, the 72 h treatment time was selected for this study.
Effects of notoginsenoside R1, and ginsenosides Rg1 and Rb1 on SW480 cell proliferation.
To explore the inhibitory activities of single chemical constituents in notoginseng, the effects of notoginsenoside R1 (a unique constituent in notoginseng root), ginsenosides Rg1 and Rb1 (found in relatively high contents in the root) were determined in SW480 cells. As shown in Fig. 4, compared 
Effect of NGRE and notoginseng saponins on cell apoptosis.
The cytograms of bivariate annexin V/PI analysis of SW480 cells after treatment with NGRE are shown in Fig. 5 . Viable cells were negative for both PI and annexin V (lower left quadrant); early apoptotic cells (real apoptotic cells) were positive for annexin V and negative for PI (lower right quadrant); late apoptotic or necrotic cells displayed both positive for annexin V and PI (upper right quadrant); nonviable cells which underwent necrosis were positive for PI and negative for annexin V (upper left quadrant). The percentage of early apoptotic cells induced by 1 mg/ml NGRE after 24-h treatment increased to 38.6%, after 48 h to 61.7%, after 72 h to 72.0%, while the control was <5.4%. Treatment with 0.5 mg/ml of NGRE also increased the early apoptotic cells. The anti-proliferative effect of notoginseng extract was mediated by the induction of cell apoptosis.
The main constituents in notoginseng are notoginsenoside R1 and ginsenosides Rb1 and Rg1. The three saponins induced apoptosis in the SW480 cells. When cells were treated with 300 μM of saponins for 48 h, the percentage of apoptotic cells was 5.32±0.31% for notoginsenoside R1 (P<0.05), 5.69±0.46% for ginsenoside Rg1 (P<0.05), 7.97±0.29% for ginsenoside Rb1 (P<0.01), and 3.71±0.31% for control. The percentage of apoptotic cells increased significantly after treatment with the main constituents in notoginseng (Fig. 6) .
Effect of NGRE on cell cycle and expression of cyclin A.
As shown in Fig. 7A , after treatment with NGRE, cells were arrested in the synthesis (S) phase. Compared with untreated cells (0 h: S-phase, 23.2%), after treatment with 0.5 mg/ml NGRE, the fraction of S-phase cells was increased to 35.3% at 24 h, 49.7% at 48 h, and 48.2% at 72 h. After 48 h of treatment, nearly 50% cells were in the S-phase.
After treatment with 0.5 mg/ml of NGRE, the expression of cyclin A was increased. Compared with untreated cells (0 h: 21.9%), the fraction of cyclin A positive cells was increased to 39.9% at 24 h, 54.7% at 48 h, and 52.1% at 72 h (Fig. 7B) . The trend of increasing cyclin A was similar to the increase of S-phase cells. Both assays suggested that notoginseng extract can arrest SW480 cells in the S-phase.
Effects of NGRE on the anti-proliferative actions of chemotherapeutic agents. As shown in Fig. 8 , NGRE alone at 0.5 mg/ ml decreased SW480 cell growth by 24.0±1.7%. When these cells were treated only with 5-FU at 1.0 and 10 μM, cell growth decreased by 11.0±4.0% and 48.3±2.0%, respectively. When NGRE 0.5 mg/ml was combined with 5-FU at the above concentrations, cell growth was decreased further (Fig. 8) . For example, a treatment of NGRE at 0.5 mg/ml and 5-FU at 1.0 μM decreased cell growth by 55.1% (P<0.01 vs. 5-FU alone), suggesting that in combination with NGRE, the 5-FU dose can be reduced to achieve similar effects.
In a separate experiment, NGRE was combined with irinotecan, another chemotherapy drug for human colorectal cancer. NGRE alone at 0.05 and 0.5 mg/ml decreased cell growth by 11.0±2.0, and 29.0±1.2%, respectively. Irinotecan alone at 20 μM decreased cell growth by 46.4±4.1%. A combined treatment of NGRE at 0.05 or 0.5 mg/ml and irinotecan 20 μM further decreased the cell growth by 64.2±0.8% and 66.2±1.0% (both P<0.05 vs. irinotecan alone), respectively (Fig. 9 ). Even at a low concentration, NGRE enhanced the action of irinotecan. In a third experiment, however, NGRE at 0.5 mg/ml did not enhance the action of doxorubincin at 1.0 μM (doxorubincin alone by 51.0±0.9%; NGRE at 0.5 mg/ml and doxorubincin, by 46.3±3.3%). Doxorubincin is a chemotherapy drug used for digestive malignancies.
Discussion
Notoginseng belongs to the same genus of plants as Asian ginseng and American ginseng. Both possess potential anticancer activities and have ginsenosides, such as Rg3 and Rh2, that are active compounds (18) (19) (20) . Several ginsenosides have regulated the proliferation of cancer cells in vitro and have sensitized cancer cells to chemotherapy (21) (22) (23) . The main constituents in notoginseng root are notoginsenoside R1, and ginsenosides Rb1 and Rg1. The anti-tumor effects of notoginseng were observed in sarcoma and prostate cancer cells, but the responsible compounds have not been identified (24, 25) . In this study, we observed the tumoricidal activity of notoginseng and active compounds on invasive SW480 human colorectal cancer cells. We showed significant antiproliferative effects of notoginseng root extract on the cells, and a high concentration of ginsenoside Rb1 and Rg1 in the extract was responsible for this activity.
To explore the possible mechanisms of notoginseng's anticancer activity, we evaluated the effect of the extract on the incorporation of [ 3 H]-thymidine in SW480 cells by using the [ 3 H]-thymidine labeling assay. Our data suggest that the root extract directly inhibits the synthesis of DNA in the cells (17) .
Apoptosis is a homeostatic mechanism that balances cell division and cell death to maintain the appropriate number of cells in the body. A balance between cell proliferation and apoptosis controls normal organ development. Uncontrolled proliferation or suppressed apoptosis is strong evidence of cancer. Inducing apoptosis in tumor cells is an important way to treat cancer (26, 27) . In our experiment, notoginseng extract and the main constituents in notoginseng inhibited proliferation of SW480 human colorectal cancer cells by inducing apoptosis. The ratio of apoptotic cells detected by flow cytometry after annexin V/PI staining increased markedly with notoginseng root extract.
Cell cycle arrest may trigger the DNA repair machine, leading to apoptosis. In our study, notoginseng extract arrested cells in the S-phase. Cell cycle progression is regulated by the activity of cyclins and cyclin-dependent kinases. Cyclin A is required for S-phase and passage through G2 (28) . To obtain information on the molecular mechanism involved in the arrest of the cell cycle in the S-phase, the expression of cyclin A was determined. The fraction of cyclin A positive cells increased to 54.7% after treatment with notoginseng extract for 48 h; in untreated cells the fraction was only 21.9%. The accumulation of cyclin A was critical to promote cell cycle arrest in the S-phase.
The most successful treatment regimens for cancer include combination chemotherapy, which is often more effective than single chemotherapy because of additive or synergistic effects. For many years, the chemotherapeutic treatment of advanced colorectal cancers was systemic use of 5-FU combined with leucovorin. This treatment course is now being replaced with sequential and/or concurrent multimodal chemotherapeutic regimens that combine 5-FU with other chemotherapeutic agents. In a Phase III trial that combined 5-FU, leucovorin, and irinotecan, progression-free survival and overall survival times were greater than with 5-FU and leucovorin alone (29) . These results have been confirmed by other clinical trials (30) . Although the addition of irinotecan to the 5-FU regimen increased survival time, it also increased the severity of adverse effects experienced by the patients. Another example is doxorubicin, an anthracycline antibiotic widely used for chemotherapy against solid tumors. The efficiency of doxorubicin is limited because of dose-related toxicity (31) . Doxorubicin has some effect against colorectal cancer as part of a combination chemotherapy regimen (32, 33) .
It has been reported that notoginseng increased tumor radiosensitivity to the cytotoxic effect of ionizing radiation (25) . In this study, we evaluated the effects of notoginseng in enhancing the action of selected chemotherapeutic agents. Our data suggest that notoginseng has the potential to enhance the effects of 5-FU and irinotecan without affecting doxorubicin's activity. It appears that 5-FU-and irinotecan-induced toxicity can be reduced by using notoginseng as a chemo-adjuvant. When notoginseng potentiates the tumoricidal effects of chemotherapeutic agents, smaller chemotherapy doses can be used. Identifying non-toxic chemo-adjuvants among herbal medicines is an essential step in advancing the treatment of the cancer. We intend to test notoginseng as a chemoadjuvant in in vivo studies in the future. Data obtained from our studies will have the potential to advance treatment regimens and improve the quality of life for patients suffering from colorectal cancer.
